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SI Materials and Methods
ALDH Sequences. The following genomes were examined for alde-
hyde dehydrogenase (ALDH) sequences: Aedes aegypti, Anopheles
gambiae, Bos taurus, Branchiostoma ﬂoridae, Caenorhabditis ele-
gans, Canis familiaris, Ciona intestinalis, Ciona savignyi, Drosophila
melanogaster, Gallus gallus, Gasterosteus aculeatus, Homo sapiens,
Macacamulatta,Monodelphis domestica,Musmusculus,Nematostella
vectensis, Ornithorhyncus anatinus, Oryzias latipes, Pan troglodytes,
Phanerochaete chrysosporium, Phycomyces blakesleeanus, Populus
trichocarpa, Rattus norvegicus, Saccharomyces cerevisiae, Strong-
ylocentrotus purpuratus, Takifugu rubripes, Tetraodon nigroviridis,
and Xenopus tropicalis. To these sequences, we added selected
sequences fromSaccoglossus kowalevskiiESTand trace archives as
well as ALDH sequences from various other animals (Apis melli-
fera, Bombyx mori, Drosophila pseudoobscura, Macaca fasciculata,
Mesocricetus auratus, Oryctolagus cuniculus, Ovis aries, Pongo
pygmaeus, Taeniopygia guttata, Tribolium castaneum, Xenopus
laevis), plants (Arabidopsis thaliana, Nicotiana tabacum, Oryza
sativa, Populus trichocarpa, Secale cereale, Sorghum bicolor, Zea
mays), and fungi (Chaetomium globosum, Cordyceps bassiana,
Emericella nidulans, Magnaporthe grisea, Phaeosphaeria nodorum,
Phanerochaete chrysosporium, Phycomyces blakesleeanus). To fa-
cilitate structural comparisons with published work, the number-
ing of ALDH amino acid residues was based on the classical
numbering of residues in the mature human ALDH2 enzyme,
which places the catalytic Cys at amino acid position 302 (1).
Large-Scale Phylogenetic Analyses.ALDH sequences were obtained
from www.aldh.org, whole genome data, EST databases, and
trace archives by using both signature (InterPro IPR002086) (2)
and BLAST searches (3). ALDH amino acid sequences were
aligned by using MUSCLE (4) followed by manual reﬁnement.
Bayesian inference (BI) was carried out by using MrBayes 3.1 (5)
with a WAG+I+Γ4 model predicted by ProtTest (6). Two runs of
5 million generations were computed for each tree. Convergence
was veriﬁed, and the burn-in period was determined by plotting
log likelihood versus time. Consensus trees and posterior prob-
abilities were calculated by using the 50% majority rule. A
maximum likelihood (ML) analysis was performed by using
RAxML-VI-HPC with the PROTMIXWAG parameter (7) and
with 100 bootstrap pseudoreplicates to assess node support. The
phylogenetic analyses carried out with BI and ML resulted in
essentially identical tree topologies.
ALDH Signatures. ALDH1 and ALDH2 sequence signatures were
obtained by aligning human ALDH1A2 and human ALDH2 and
conﬁrmed inanexhaustivealignmentcontainingvertebrateALDH1
andALDH2sequencesbyusingMultAlin (multalin.toulouse.inra.
fr/multalin). Individual amino acid frequencies were obtained
from weblogo.berkeley.edu.
Ancestral Sequence Reconstruction. Ancestral protein sequences at
internal nodes of the ALDH1/2 phylogeny were reconstructed by
using the program PAML 3.15 (8), assuming a WAG+Γ4 model
for a data matrix of 447 amino acid residues. To evaluate and limit
the inﬂuence of fast evolving sequences on the ancestral sequence
reconstruction, ﬁve separate datasets were analyzed (one in-
cluding all available ALDH1/2 sequences, one excluding all se-
quences with long branches, one excluding all protostome
sequences, one excluding all lophotrochozoan sequences, and one
excluding all tunicate sequences). For each analysis, a corre-
sponding ML tree was calculated by using RAxML-VI-HPC with
the PROTMIXWAG parameter (7) with 100 bootstrap replicates
to assess node support, which served as input tree for the ancestral
sequence calculation. These control calculations, based on vary-
ing taxonomic sampling, successfully tested the robustness of the
ancestral sequence reconstruction approach as well as the sub-
sequent ancestral channel modeling and ancestral channel vol-
ume calculation.
3D Modeling. ALDH1 and ALDH2 structures were modeled by
homology using the 3D structure obtained from the Protein Data
Bank (PDB) of sheep ALDH1A1 (PDB ID code 1BXS) or of
human ALDH2 in complex with the dipsogenic inhibitor daidzin
(PDB ID code 1OF7). Each target sequence was globally aligned
with the template by using ClustalW. This alignment was used as
input data for the modeling program Nest in Jackal (9). Pa-
rameters were set for reﬁnement in all loops and secondary
structure regions. The stereochemical quality of the 3D models
was evaluated by using Procheck (10). Retinal binding to the
substrate access channel was carried out by anchoring the alde-
hyde structure in a position equivalent to that of daidzin. The 3D
structure of retinal was obtained from MSD Ligand Chemistry
(www.ebi.ac.uk/msd-srv/msdchem). Graphical analyses were
performed with VMD (Visual Molecular Dynamics) (11).
Cluster Analysis. We have compiled data on 202 ALDH1/2 vol-
umes derived from 3D structure studies. TwoStep Cluster algo-
rithm as implemented in SPSS 13.0 (SPSS for Windows, Rel.
13.0.2004) was used both to deﬁne the best number of clusters
that accommodate the empirical data and to classify individual
ALDH1/2s into their respective volume clusters. The best number
of clusters was chosen as a function of the smallest Schwartz
Bayesian Criterion (BIC).
Retinal Binding. Retinal binding to the substrate access channel
was carried out by anchoring the aldehyde structure in a position
equivalent to daidzin. The retinal 3D structure was obtained from
MSD Ligand Chemistry (www.ebi.ac.uk/msd-srv/msdchem). The
retinal atoms O1, C15, C14, C13, C12, C11, and C10 were su-
perposed on the daidzin atoms O34, C31, C30, C29, C28, C26,
and C25, respectively.
Substrate Access Channel Volume Calculations. ALDH models were
individually placed inside a grid box, in which x, y, and z coor-
dinates were spaced by 0.8 Å. Void regions inside this box were
determined by sequentially moving a probe molecule with a 1.4
Å radius through all grid points. At each point, the volume oc-
cupied by the probe plus an average atomic radius of 1.6 Å was
scanned. If no protein atoms were detected, the point was con-
sidered to be in a void region. Multiple cavities were detected,
and to isolate the substrate access channel from other spaces,
the structure of human ALDH2 in complex with the dipsogenic
inhibitor daidzin (PDB ID code 1OF7) was superposed on the
boxed model. The void region in the boxed ALDH model
matching the localization of daidzin inside the ALDH2 channel
was isolated for volume calculation. The total cavity volume was
determined as a sum of all distinct volume elements within the
isolated void region. Each volume element was a cube deﬁned by
eight points enclosing a volume of 0.512 Å3. Modeled cavities
were manually inspected to remove subsidiary spaces not asso-
ciated with the substrate access channel. The van der Waals
volumes for all amino acids have been described (12).
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Statistical Analyses. Substrate access channel volumes were ana-
lyzed in unpaired sets of eukaryote ALDH1/2 and ALDH1L
enzymes as well as in paired sets of vertebrate ALDH1/2s
(ALDH1As, ALDH1B1s, and ALDH2s) by nonparametric
ANOVA using the Kruskal–Wallis test and Dunn’s multiple
comparisons test.
Gene Expression Studies. Sexually mature adults of the Florida
amphioxus (B. ﬂoridae) were collected by shovel and sieve in
Tampa Bay, Florida. Gametes were obtained by electric stimu-
lation of adults. After fertilization, embryos and larvae were
raised in the laboratory and ﬁxed at different developmental
stages. Five cDNA libraries were used for cloning ALDH1 and
ALDH2 genes from amphioxus. The cDNA libraries were made
from RNA of unfertilized eggs, gastrulae, neurulae, early larvae,
and mature adults (13). In situ hybridization experiments were
carried out as described (14) by using increased hybridization
temperatures (65–70 °C) and nonconserved regions of the dif-
ferent genes as templates for antisense riboprobe synthesis to
ensure probe speciﬁcity. Control experiments were carried out
with sense riboprobes to verify the speciﬁcity of the expression
patterns. After in situ hybridization, embryos were mounted on
glass slides, analyzed under the microscope, and photographed
as whole mounts.
C. intestinalis adults were obtained from M-Rep. Embryos and
sperm were surgically removed and kept separate until in vitro
fertilization. Fertilized eggs were dechorionated as described (15).
Embryos were raised at 18 °C on gelatin/formaldehyde-coated
dishes in artiﬁcial seawater. Embryos were collected and ﬁxed in
4% paraformaldehyde at various developmental stages (5–8 h,
10–12 h). Template DNA plasmids were retrieved from the
C. intestinalisGene Collection Release 1 library (16). Digoxigenin-
labeled antisense RNA probes for ALDH1a, ALDH1b, ALDH1d,
and ALDH2 were synthesized from clones GC38i10, GC38i10,
GC30b02, and GC07d10, respectively. The ALDH1c probe was
generated by using PCR ampliﬁcation of the last exon from C.
intestinalis genomic DNA. Whole-mount in situ hybridization was
essentially performed as described (17) by using an increased hy-
bridization temperature of 65 °C. Control experiments were car-
ried out with sense riboprobes. Embryos were mounted in
Permount on glass slides and expression was analyzed by using
a Leica DMR microscope.
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Fig. S1. Phylogram of a comprehensive phylogenetic analysis of the ALDH superfamily. Posterior probabilities are indicated at each node. Each individual
ALDH family is supported by signiﬁcant posterior probabilities (>0.95). Bf, Branchiostoma ﬂoridae; Ce, Caenorhabditis elegans; Ci, Ciona intestinalis; Dm,
Drosophila melanogaster; Hs, Homo sapiens; Nv, Nematostella vectensis; Sc, Saccharomyces cerevisiae; Sp, Strongylocentrotus purpuratus.
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Fig. S2. Phylogram of a phylogenetic analysis of the ALDH1/2, ALDH1L, and ALDH8 families with the latter as outgroup. Posterior probabilities are indicated
at each node. Each individual ALDH family is supported by signiﬁcant posterior probabilities (>0.95). At, Arabidopsis thaliana; Bf, Branchiostoma ﬂoridae;
Ct, Capitella teleta; Ce, Caenorhabditis elegans; Ci, Ciona intestinalis; Cs, Ciona savignyi; Dm, Drosophila melanogaster; Hs, Homo sapiens; Lg, Lottia gi-
gantea; Mm, Mus musculus; Nv, Nematostella vectensis; Nt, Nicotiana tabacum; Os, Oryza sativa; Pc, Phanerochaete chrysosporium; Pb, Phycomyces bla-
kesleeanus; Pt, Populus trichocarpa; Rn, Rattus norvegicus; Sc, Saccharomyces cerevisiae; Sk, Saccoglossus kowalevskii; Sp, Strongylocentrotus purpuratus;
Ssp, Schizosaccharomyces pombe; Zm, Zea mays.
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Fig. S3. ALDH1/2 clusters according to substrate access channel volume distribution. Average and SD values for the three clusters are 592.29 ± 42.07 for large
channels, 453.33 ± 27.39 for medium channels, and 354.79 ± 32.50 for small channels.
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stage embryos (10–12 h) are shown. (Scale bars: 50 μm.)
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Fig. S5. Phylogenetic and structural analysis of ALDH1/2s from the ascidian tunicate Ciona savignyi. The two ALDH1 duplicates from C. savignyi display het-
erogeneous properties at their substrate entry channels. Although ALDH1a and ALDH1b both display bulky amino acids at position 459, corresponding to the
channel neck, ALDH1a displays the smallest amino acid (Gly) at position 124, which corresponds to the channel mouth. In contrast, in ALDH1b, this residue is
substituted by the slightly larger Ala, which creates an obstacle to accommodate the large β-ionone moiety of retinaldehyde. Moreover, in ALDH1a, the amino
acid at position 303 is Thr, which is typical for ALDH1s, whereas in ALDH1b, this amino acid is Cys, which is typical for ALDH2s. This pattern suggests that in C.
savignyi, ALDH1a is best adapted for retinoic acid synthesis and that ALDH1b incorporated structural features reminiscent of ALDH2s, which process smaller, toxic
aldehydes.
Sobreira et al. www.pnas.org/cgi/content/short/1011223108 6 of 14
Branchiostoma floridae
Scaffold_560: 425 283 bp
Scaffold_550: 447 241 bp
Scaffold_21: 3 715 217 bp
Scaffold_31: 3 505 904 bp
Scaffold_118: 1 970 888 bp
Scaffold_155: 1 674 870 bp
Scaffold_444: 671 902 bp
120 kb
ALDH2
ALDH1a
ALDH1b
ALDH1c
ALDH1d
ALDH1e
ALDH1f
ALDH2
ALDH1
Ciona intestinalis
Scaffold_18: 551 401 bp
Scaffold_184: 183 910 bp
Scaffold_112: 259 664 bp
ALDH1
ALDH2
ALDH1a Ciona intestinalis
ALDH1a Ciona savignyi
ALDH1b Ciona intestinalis
ALDH1b Ciona savignyi
ALDH1c Ciona intestinalis
ALDH1d Ciona intestinalis
ALDH2 Ciona intestinalis
ALDH2 Ciona savignyi
20 kb
A
B
Fig. S6. Genomic linkage of ALDH1 and ALDH2 genes in the cephalochordate amphioxus and in the ascidian tunicate Ciona intestinalis. The position of
predicted ALDH1 and ALDH2 sequences on assembled scaffolds of the amphioxus (A) and the C. intestinalis (B) genome are shown. (A) The phylogenetic
relationship between the six lineage-speciﬁc amphioxus ALDH1 duplicates and the single amphioxus ALDH2 is indicated. For ALDH2, the analysis identiﬁed two
copies in the amphioxus genome, one on scaffold 550 and one on scaffold 118, representing a single copy of amphioxus ALDH2 on each of the two ho-
mologous chromosomes. For the amphioxus ALDH1 duplicates, the analysis suggests that at least some genes, like ALDH1c and ALDH1d (on scaffold 155),
ALDH1a and e (on scaffold 560) or ALDH1a, ALDH1e, and ALDH1f (on scaffold 31) are located on the same scaffold and might, hence, be linked on the
chromosome. In sum, the phylogeny and synteny data suggest that the six amphioxus-speciﬁc ALDH1 duplicates evolved by tandem duplications from an
ALDH1a-like ancestor. (B) The phylogenetic relationship between C. intestinalis and C. savignyi ALDH1s and ALDH2s is indicated. In the C. intestinalis genome,
ALDH2 and ALDH1a are found on individual scaffolds (on scaffold 184 and 18, respectively), whereas the other three C. intestinalis ALDH1 duplicates, ALDH1b,
ALDH1c, and ALDH1d, are clustered on a single scaffold (on scaffold 112), suggesting that these three genes are linked on the same chromosome and might
thus have originated by tandem duplications.
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Fig. S7. Plasticity of the substrate access channel in deuterostomes. Vertebrate and echinoderm ALDH2s are examples for the evolutionary plasticity of
ALDH1/2 channels. In vertebrates, there are two members of the ALDH2 clade: the ALDH2s and the ALDH1B1s. Vertebrate ALDH2s have conserved the amino
acid signatures (Met124, Phe459) for shaping a narrow entrance (the mouth) and a tight-ﬁtting proximal third (the neck) of the substrate access channel. The
ALDH1B1s incorporated smaller Glu124 and Val459, which offer less resistance for accommodating the β-ionone moiety of retinaldehyde and alleviate con-
striction at the channel neck, hence increasing the overall channel volumes (362 ± 30 Å3 versus 451 ± 30 Å3 for ALDH2 and ALDH1B1, respectively, P < 0.05).
A similar trend is observed for sea urchin (Strongylocentrotus purpuratus) ALDH2s. S. purpuratus ALDH2a displays the typical ALDH2 pattern with bulky Leu124
and Phe459 at the channel mouth and neck, respectively. In contrast, S. purpuratus ALDH2b incorporated small amino acids (Gly124 and Val459), which leave
the channel mouth wide open to accommodate the β-ionone moiety of retinaldehyde and alleviate constriction at the channel neck thus increasing the volume
from 356 Å3 in ALDH2a to 487 Å3 in ALDH2b.
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Fig. S8. Gene duplication and functional evolution in the ALDH1/2 family. Metazoan ALDH1s are generally characterized by a large substrate entry channel
(SEC) with a wide channel entrance, whereas metazoan ALDH2s have a small SEC with a narrow channel entrance (the three channel signatures important for
deﬁning the ALDH1 and ALDH2 SECs are indicated: position 124 located at the channel mouth, position 459 at the neck of the channel, and position 303 at the
channel bottom). After duplication, ALDH1/2 duplicates accumulated mutations in their SECs that led to smaller channel sizes in ALDH1 duplicates (e.g., am-
phioxus and ascidian tunicate ALDH1s) and to bigger channel volumes in ALDH2 duplicates (e.g., vertebrate ALDH1B1 and sea urchin ALDH2). Hence, duplicated
ALDH1/2s experienced functional shifts of their SECs, which are indicative of changes in speciﬁcity toward aldehydes of different sizes.
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Table S1. Sequence signatures of vertebrate ALDH1 and ALDH2 enzymes
Amino acid
substitution
Vertebrate
signature
Cephalochordate
signature
Tunicate
signature Type of substitution
Structural location
of the signature
Thr-104-Ala No No Polar to small aliphatic apolar Exposed surface (α helix-B)
Gly-110-Asn No Yes Small aliphatic apolar to polar Buried residue (α helix-B)
Asn-116-Ile No Yes Polar to aliphatic apolar Buried residue (α helix-C)
Gly-123-Asp No No Polar to negatively charged Channel (α helix-C)
Gly-124-Met No No Small aliphatic apolar to large
aliphatic
Channel mouth (α helix-C)
Thr-128-Cys Yes Yes Polar to polar thiol-containing Buried residue (α helix-C)
Phe-175-Gln Yes Yes Bulky aromatic to polar Buried residue (α helix-D)
Ser-184-Ala No No Polar to small aliphatic apolar Buried residue (α helix-D)
Cys-185-Thr Yes Yes Thiol-containing to polar Buried residue (α helix-D)
Thr-188-Val Yes Yes Polar to aliphatic apolar Buried residue (β sheet-8)
Val-191-Met Yes Yes Aliphatic apolar to large aliphatic
apolar
Buried residue (β sheet-8)
Pro-193-Val Yes Yes Apolar cyclic to aliphatic apolar Buried residue (β sheet-8)
Lys-251-Arg/His No No Positively charged to larger
positively charged imidazole
Channel (α helix-G)
Glu-255-Val No No Negatively charged to aliphatic
apolar
Oligomerization surface
(α helix-G)
Ala-279-Ser No Yes Small aliphatic apolar to polar Exposed surface (connecting
loop between β sheet-12
and α helix-H)
Asn-285-Trp No No Polar to large aromatic Exposed surface (α helix-H)
Gln-292-Phe Yes Yes Polar to aromatic Exposed surface (α helix-H)
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Table S1. Cont.
Amino acid
substitution
Vertebrate
signature
Cephalochordate
signature
Tunicate
signature Type of substitution
Structural location
of the signature
Gly-293-Ala No No Small aliphatic apolar to smaller
aliphatic apolar
Buried residue (α helix-H)
Ile-303-Cys No No Aliphatic apolar to
thiol-containing
Channel bottom (connecting
loop between α helix-H and β
sheet-13)
Glu-311-Gln No No Negatively charged to polar Exposed surface (β sheet-13)
Ser-313-Asp No No Polar to negatively charged Exposed surface (connecting
loop between β sheet-13
and α helix-I)
Arg-320-Glu No No Positively charged to negatively
charged
Exposed surface (α helix-I)
Asp-355-Gly No No Negatively charged to small
aliphatic apolar
Exposed surface (α helix-J)
Leu-356-Tyr No No Aliphatic apolar to large aromatic Exposed surface (α helix-J)
Glu-368-Leu No Yes Negatively charged to large
aliphatic apolar
Buried residue (β sheet-16)
Ser-387-Gly No Yes Polar to small aliphatic apolar Exposed residue (β sheet-14)
Arg-394-Thr No No Positively charged to polar Exposed residue (α helix-K)
Gln-405-Met No No Polar to large aliphatic apolar Buried residue (β sheet-16)
Ile/Val/Leu-440-Asp No No Aliphatic apolar to negatively
charged
Oligomerization surface
(α helix-M)
Thr-441-Tyr Yes No Polar to large aromatic Exposed surface (α helix-M)
Ser-444-Gln No No Polar to larger polar Exposed surface (α helix-M)
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Table S1. Cont.
Amino acid
substitution
Vertebrate
signature
Cephalochordate
signature
Tunicate
signature Type of substitution
Structural location
of the signature
Ser-457-Asp No No Polar to negatively charged Channel (connecting loop between
β sheet-18 and α helix-N)
Val-459-Phe Yes No Aliphatic apolar to aromatic Channel neck (connecting loop
between β sheet-18 and α helix-N)
Ser-460-Gly No No Polar to small aliphatic apolar Exposed surface (connecting loop
between β sheet-18 and α helix-N)
Signatures are displayed as motifs with 4–10 amino acids. Motifs are shown as pictograms with relative frequencies symbolized by amino acid height as
determined in an alignment of 24 vertebrate ALDH1s and 12 vertebrate ALDH2s. Represented here are only amino acids that effectively distinguish vertebrate
ALDH1s from ALDH2s. Species-speciﬁc and vertebrate ALDH1A paralog-speciﬁc signatures are not included. The amino acids that are not conserved between
ALDH1s and ALDH2s are surrounded by a red box, and their localization along with the nature of the substitutions between ALDH1s and ALDH2s is displayed.
The ability of each vertebrate signature to distinguish ALDH1s from ALDH2s in invertebrate chordates (amphioxus and ascidian tunicates) is also shown.
Table S2. Reconstruction of ancestral sequences in the ALDH1/2 family
Channel size
Node Support* Sequence description P† Signature‡ Volume, Å3 Category
A 1/75 Eukaryote ALDH1/2 ancestor 0.915 Met,Phe,Cys 378.4 Small
B 0.98/59 Fungal ALDH1/2 ancestor 0.918 Met,Phe,Cys 336.5 Small
C 1/94 Plant/Metazoan ALDH1/2 ancestor 0.937 Met,Phe,Cys 287.4 Small
D 1/100 Plant ALDH1/2 ancestor 0.912 Met,Phe,Cys 286.0 Small
E 1/100 Plant ALDH1-like ancestor 0.914 Ala,Phe,Val 559.2 Big
F 1/100 Plant ALDH2-like ancestor 0.917 Met,Phe,Cys 333.8 Small
G 1/65 Metazoan ALDH1/2 ancestor 0.948 Met,Phe,Cys 368.8 Small
H 1/69 Metazoan ALDH2 ancestor 0.966 Met,Phe,Cys 444.9 Medium
I 1/92 Vertebrate ALDH1 ancestor 0.956 Gly,Leu,Thr 604.3 Large
*Phylogenetic support for the node, where the ancestral sequence was reconstructed (posterior probability/bootstrap value).
†Mean probability of the reconstructed ancestral sequence.
‡The order of the amino acids corresponds to the mouth, neck, and bottom signatures, respectively.
Dataset S1. Sequences used for the comprehensive phylogenetic analysis of the ALDH superfamily
Dataset S1 (XLS)
Accession numbers and database information are given for each sequence.
Dataset S2. Sequences used for the phylogenetic analysis of the ALDH1/2, ALDH1L, and ALDH8 families
Dataset S2 (XLS)
Accession numbers and database information are given for each sequence. In addition, channel volumes and channel size categories are indicated for ALDH
enzymes with sufﬁcient sequence information and structural compatibility with the crystal templates human ALDH2 and sheep ALDH1A1 (Protein Data Bank
ID codes 1OF7 and 1BXS, respectively).
Sobreira et al. www.pnas.org/cgi/content/short/1011223108 12 of 14
Movie S1. Six-nanosecond simulation of substrate behavior within the ALDH2 substrate entry channel. Acetaldehyde (shown in orange), a natural substrate
of ALDH2, was guided into catalysis position, 3.45 Å from the γ-sulfur (shown in yellow) of the catalytic Cys302 and 4.77 Å from the oxidized NAD (ball and stick
conﬁguration, bottom left) by using the crystal coordinates for ALDH2 plus crotonal (Protein Data Bank ID codes 1OF7 and 10O1). Amino acid signatures at the
ALDH2 channel mouth, neck, and bottom are, respectively, represented in blue (Leu124), green (Phe459), and purple (Cys303) in van der Walls conﬁgurations.
Phe465 (shown in white) is conserved in metazoan ALDHs and keeps acetaldehyde in position throughout the simulation. Phe465 is stabilized by Phe459, which
is the vertebrate ALDH2 neck signature. Phe459 is latched in position by Cys303, the vertebrate ALDH2 bottom signature. Thus, concerted action of vertebrate
ALDH2 signatures at channel bottom and neck, together with a conserved ALDH channel amino acid, keeps acetaldehyde close enough to Cys302 and the NAD
acceptor to guarantee efﬁcient catalysis. The dashed line highlighting the distance between the γ-sulfur of Cys302 and the C1 of acetaldehyde is obscured by
the close proximity of these two atoms.
Movie S1
Movie S2. Six-nanosecond simulation of substrate behavior within the ALDH1 substrate entry channel. Acetaldehyde (shown in orange) was guided into
position, 3.45 Å from the γ-sulfur (shown in yellow) of the catalytic Cys302 and 4.77 Å from the oxidized NAD (ball and stick conﬁguration, bottom left) by
using the ALDH1A1 (Protein Data Bank ID code 1BXS) and ALDH2 plus crotonal (Protein Data Bank ID codes 1OF7 and 10O1) crystal coordinates. Amino acid
signatures at the ALDH1 channel mouth, neck, and bottom are, respectively, represented in blue (Gly124), green (Val459), and purple (Ile303) in van der Walls
conﬁgurations. Phe465, conserved in metazoan ALDHs, overlies acetaldehyde and is represented in white. In ALDH1, acetaldehyde moves away from its
position close to the catalytic Cys302 and the NAD acceptor. The acetaldehyde escape is preceded by a pendulum-like Phe465 swing toward the channel mouth,
which releases the constraints on the underlying acetaldehyde. This swing is preceded by quick disengagement of the bottom and neck amino acids Ile303 and
Val459, respectively, which are not bulky enough to reconstitute the interaction surfaces maintained by the typical ALDH2 amino acids Phe459 and Cys303. The
concerted latching of Phe465 by bottom and neck channel amino acids is thus lost in ALDH1s, which fail to maintain substrate position stable enough for
efﬁcient catalysis, which is consistent with their large Km values for acetaldehyde. The dashed line highlights the distance between the γ-sulfur of Cys302 and
the C1 of acetaldehyde.
Movie S2
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Movie S3. Six-nanosecond simulation of formaldehyde, the smallest (C1) aldehyde (shown in orange) inside the ALDH1 substrate entry channel. Formal-
dehyde was guided into position, 3.45 Å from the γ-sulfur (shown in yellow) of the catalytic Cys302 and 4.77 Å from the oxidized NAD (ball and stick con-
ﬁguration, bottom left) by using the ALDH1A1 (Protein Data Bank ID code 1BXS) and ALDH2 plus crotonal (Protein Data Bank ID codes 1OF7 and 10O1) crystal
coordinates. Amino acid signatures at the ALDH1 channel mouth, neck, and bottom are, respectively, represented in blue (Gly124), green (Val459), and purple
(Ile303) in van der Walls conﬁgurations. Phe465, conserved in metazoan ALDHs, overlies the formaldehyde and is represented in white. Note that formal-
dehyde cannot be kept inside the ALDH1 channel and, thus, migrates toward the channel mouth, which is consistent with the inability of ALDH1s to process
formaldehyde. The dashed line highlights the distance between the γ-sulfur of Cys302 and the C1 of formaldehyde.
Movie S3
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